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ABSTRACT

Nitrate contamination has received much attention at local as well as regional scales. The domestic situation is not out of
exception, and it has been reported to be very serious, particularly within agricultural areas as a result of excessive usage
of nitrogen fertilizers. Meanwhile, nitrate can be naturally attenuated by denitrification in subsurface environments. The
denitrification occurs through biotic (biological) and abiotic processes, and numerous previous studies preferentially
focused the former. However, abiotic denitrification seems to be significant in specific environments. For this reason, this
study reviewed the previous studies that focused on abiotic denitrification processes. Firstly, the current status of nitrate
contamination in global and domestic scales is presented, and then the effect of geological media on denitrification is
discussed while emphasizing the significance of abiotic processes. Finally, the implications of the literature review are
presented, along with future research directions that warrant further investigations. The results of previous studies
demonstrated that several geological agents could play a vital role in reducing nitrate. Iron-containing minerals such as
pyrite, green rust, magnetite, and dissolved ferrous ion are known to be powerful electron donors triggering denitrification.
In particular, it was proven that the rate of denitrification by green rust was comparative to that of biological
denitrification. The results indicate that abiotic denitrification should be taken into account for more accurate evaluation of

denitrification in subsurface environments.
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HIAESE g w2 tiAos g, 8 v}
H(Fe(ll)) 5 22 HApgAAl ofst] dofd 4=
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3 E  ATHLapworth et al.,
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International Groundwater Resource Assessment Centre
(IGRAC)®] Global ground water information system
(GGIS)S o]-&3}o] AR QO W (IGRAC, 2019), =L A}
£ Fig. 1°] YePith ol2igh A3 29 F= dAa
HF9] Fr} ARG odte] Zejettar geA ot &
2 HIge] ARG AU, ml=, 1, R, SllA
°F 40-70 Kg/ha® 2 UERTE 1 91¢] Ao A= 20-40
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Fig. 1. The current status of nitrate contamination in groundwater worldwide (source: IGRAC, 2019). A high level of nitrate means more
than a few tenths of mg/L.

o ZHHM, sPAGAIME =g g 9 gH|o AL of dod = glom, Algdo] ol dAIsEA, of
|3 S 7 ol st A ET(Yun et al, Ml A4 7R FElZ SIEE IPgolth(Xu et
2014). T3, ) AskE A B3l itk 5341 al,, 2013). E4t9e] AESHA 2 WhE-S AR
oA 7RIk Ae® HAUEITHKim et al., 2019). 2 A 7] B 2 2Y)EIRE-S o8l wAE o3t
F8 ARG AslE ) Ak FEE WHO 89 w3l 93t dojubr(Devito et al, 2000;
7lol=ElRle] 50 mg/L FERCF B 10-25 mg/L =5 Pabich et al, 2001), HIBESA g9 3L nE
Bow, A 5 50 mgLE 2Hehs AR Vel o] Qlo] ZAted FUIsHES] ATrstetA vk o

Wt ZAakdde] 8 QX Y]] T XY Ax F sl dojdth(Davidson et al., 2003). Z4kde] 22 Hb
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THCheong et al., 2008; Jeon et al, 2011; Kim et /39| pHolX &t Yol dthRobertson and Merkley,
al, 2009; Kim et al, 2014; Lee and Choi, 2012; 2009; Xu et al., 2009). Table 19 AXE AH (reducing

Yun et al., 2017). potential) A7]olA & = U= vk} Zol, AF3HFA
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Table 1. Standard reduction potentials (EZ) of naturally occurring terminal electron accepting systems calculated for pH 7.0 (adapted

from Matocha et al., 2012)

Organic carbon

Reaction

Reducing potential

(Electron donor) EZ )
0, Aerobic oxidation 0.81
NO5 Denitrification 0.75
Mn(IV) as MnO, Manganese reduction 0.61
Fe(Ill) as FeOOH Iron reduction 0.15
SO,> Sulphate reduction -0.22

W Bl oJete] RS e, AEHEE o
213k Age] 2 whgell Holehs A wiAl W &

Aorde] 24 whgol AAEAZ 28 o e
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EAQ BehgEe oA, B B HA3,
B2} FolA ol B 5 ek oleid 8

[e} gl
oJgh Zrkde] g kg2 A=A 9 vAESE 7y
o7 FE=E 4= th(Doane, 2017). AEEZ &4 uks-

KN

—  Pseudomonas Pseudomonas  fluorscens,

denitrificans,  Thiobacillus
Thiosphaera denitrificans 5% 332 J3PFES U=
o= o] 83t ZHPY Do o= BoEH & w
A o3 7] WEEEE Table 20 AT
(Archna et al, 2012; Matocha et al., 2012; Schwi-
entek et al., 2008). ©]2h= 2] RIYETH &4 dh-&
24 mAEo] BeehA] ol A Akl Atst
&4 whgoll oste] Akde] ghlo] Yojdth(Yu and
Shin, 2018). &9 lslol| ogk Asde] &4 Whg-&
2@t 22 Fgo =z dojd 4= th(Jessen et al.,
2017; Sievert et al., 2008; Torrentdé et al., 2010;
Vaclavkova et al., 2015).

stutzeri,

Paracoccus denitrificans,

SFeS,+ 14NOy™+4H — SFe* + TN, + 1050+ 2H,0
M

FeS, + 3.50, + H,O — 280, + F&" + 2H  (2)
FeS,+ 8H,O + 14Fe> — 280, + 15F* + 16H™ (3)
5FeS, + 15NO5™ + 5H,0 — 5FeQOOH + 10504 +

12§N2 +SH )

sle] whga) o] AN o) AP A whg
F 2o v} ol Fuz fold F ¥} oleow A

SN HEHoE HHAe 2 HHE & ok &
gk, 919] d™e] 2 Wkl o) Fiolo] tig A
7] Wzl Askre] pHE AR S Q). o=
sl FEFO R EAlle TEE] EE5] Agk &
S do 4= Q7] wiel Hakde] g wkgol <3t
o)z}l 293¢ isled® 13 BaAdo] rhBosch
et al., 2012).

S W 34 HAE 9 gl dhiso] 9o
o, o] Ex 9 gz} Avle 7Nk V1Y, B8
59 A7) TY XA WA Aol uwet dEiint
Jessen et al.(2017)2 22 Hlg 2 FHH|Z QI3le] ALt
o= R AHolA AT 3 TRIFE Ak FEE
3R] el AFeE U EAlske ATk A A7kl
ek ATE S, Ao ATt g vk
= ot A AEE As Gjlsat

A W SAlsks S A A 54340 wet
FEAo FF F A=t =P tEAl JERd olegh

Ao] geF gl gz 77 Aikdel g wkge ]
= 9SS golrr] 95 AFEe] FIPHAL
Torrent6 et al.(2010)= 3E2J9] A} =7|E 25-50 um
o} 100 um oPFOE RSt RHlaAES s om,
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51015}t Singireddy et al.(2012)S 3FEAS o]&
F Aol g Wkl 27 mR)s gl sl
Taom, 57) 22°CA 120°CE F7IsIS o,
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Sl sfate] doluheAS e gk APHA]
wpEel, 3849 A4 7] D PP, L5 59 At
offl Fgel T & IS INEA] ol B
% gick. 8, Aude] B kgl Fad JF AR

pH, DOSl et A= S8R Ft7] wi&ol] A =]
Z870)A Fakde] B we-S A3 dZ3] 9

shke AR 2 uAEeE 2ol tek pi, DOS)
JEFS Teter] A% F7He A7 Bas.

32, 3 @mttstEo) 2 @ HS
ASe30l EAlsh=s d @ niskEel e 2 27b
7 FelE AR A " d Gkt
5 o83 Al g wkgol tigk dAellxde 27t
37F A @FyEskE FElQl green rust, 5EA 27137}
T8 AEA 5ol FE ol§HolA sker, o]
23k Agelxde HiEe Igol o3k g whgo] a1
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R AT

Green rust= 37} Eo] 3lo] Aol 4= U= Asl
M BAPE F Z39] Fe(ll)-Fe(lll) @ GNF
3}E-o]tH(Christiansen et al., 2009). Green rust= 3H:F
d, B, d3lES Tk Al 7 frEeE RS

z,: o]th oﬂoﬂzﬂ-ﬁ oZ xM].oaO T—‘J—X]}\]iﬂ 2= olgo]

HE Ak (Hansen, 1989). Hansen et al.(1996)> 3FXH
S X3 green rusts o83k Aikde] Feddl o
ATE FRsIRCH, A (59 ZF o= A

AN} FAl) AFA g 28l AL FRAS

(I A=N
AR

ml
tlo o u& OIN

3

Fe + Fe,t OH SO, + }1 NOs + 3 O <

SO 5)

T, 24EA0] green ruste] = Alolol EA)E= 3
Aol Hapbrh th27] wj#ell Hansen et al. (2001)9
A 2E HPEE 7RI T Aleldll dslEs e
green rusts ©|83 ATE TSI FARG }_7401]/\1
ZArde] 7] BUkS S SHES T3 green

st} oF 320 A UERd AS SRS, o)

+ Al—‘ ]\]1‘144r + 2F€304 + 631 H20

HE A Table 20 YERACE Table 25 B3l dskE e
Table 2. Initial kinetic rates of biotic and abiotic reductions of NO3; or NO,
. Major microorganisms Typical minerals
comlljoun d Recti;;)::on invjolveq i‘n thg biotic relzstlgd }0‘ the .abiotic pH Initial rate References
denitrification denitrification
Pseudomonas stutzeri 72 4.9x107 van Rijin et al., 1996
Peudomonas fluorscens NR* 3.2x107 Betlach and Tiedje, 1981
Klebsiella oxytoca 72 1.6x107 Senko et al., 2005
Biotic S. putrefaciens MR-1 NR 5.7x10% Krause and Nealson, 1997
Acidovorax BoFeNl 7.2 2.1x10° Kappler et al., 2005
NO;y Acidovorax ebreus NR 3.0x10° Straub et al., 1996
Paracoccus denitrificans 6.5 Negligible Rakshit et al., 2008
Chloride green rust 73 1.55%107 Hansen et al., 1996
Abiotic Sulfate green rust 83 4.82x107 Hansen et al., 1996
Magnetite 55  1.74+004x10"  Dhakal et al., 2013
Siderite 6.5 Negligible Rakshit et al., 2008
Pseudomonas stutzeri 7.0 2.1x107 van Rijn et al., 1996
Biotic pseudomonas fluorscens 7.0 1.8x107 Betlach and Tiedje, 1981
Mixed culture 6.8 42x10° Wilderer et al., 1987
Siderite 55 1.0x107 Rakshit et al., 2008
NO, Sulfate green rust 7.0 4.51x10® Rakshit et al., 2008
Siderite 6.5 2.47x10°% Rakshit et al., 2008
Abiotic Siderite 7.9 2.06x10°% Rakshit et al., 2008
55 814£04x10"  Dhakal et al, 2013
Magnetite 6.5 520+023x10"°  Dhakal et al., 2013
75 4.05+0.16x107° Dhakal et al., 2013
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green rustdl] 2J¢ FikAo] nAYESHY & wkg-o] 7]
HREEEE 1.55x10702 AESH g whgo] 27] vt
SEE7F 7P wEA doju= diiEH mAEQ]
Pseudomonas stutzeriell I8k 4.9x1073} o]z} F 3uj
AT Y= AL 0181t (Zheng, 2018). )23 A4
= Y] F59Y 2ES dod F e vAEol
sakebas] AskE HENS] green rustZ}b B¢ A4
= HIAESHH gkgo] SAIsHl dold 4= QUot. webA
AA| AFeE YlellA Zike] g vke-8 ggsH 4
Z3b7] flalide A=tk AT ope} HIAESH
el ofgt &4 WS Al arEfstedof gt
SEAAE 7t Fol Ak Sl 71 SelM A
Aoz YA 7hest v A BEolrh T EA s
et BRS04 rEY] a8 A3F
E4E5E Q42 4 Uk McMillan and Schwertmann,
1998). Rakshit et al.(2008)2 5H24S o83+ Ak e]
Shelol] gk A7E Fsie, ATEAAERE At
Fo ghelo] A9 dojuA] F5-S ERISHATH Table 2,
Fig. 2(a)). 124, opzitde] 79 SHA o5t gkl
wkgol w2 doluhs 7o Ushdon, Fig. 206
JEr 25} 2o] e pHolA whgo] WA Jojups
2 BB o) SHHo) ofat it ok
Qe) g9 wkgo] Aol L olfi F A £ N.O
A% 540 JRIske Row, Audde SN B9
Sh(surface complexation)®] HAYEFA] Folr], T A 9
SO Ao Hol Sfslel 2AE S8t
o] 291 Whgo] ol YT TR WA FapA,
MRS SHAT ERAR] TFssle] 1A sl

w

o rg

~
=
~—

= 1.0
E E_e o . E
5 0.8
°
g 06 o% ¢ NOg~
5 o NO,~
o
~ 0.4 4
]
Z
©
< 0.2
” [}
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Time (days)
0 5 10 15 20 25
Time (h)

2 qhgol m|A|= Gl vk aF 21

o3t &l whgo] dojuyr] wiFo|th(Matocha et al.,
2012). Table 201 A|AJE o}t AE3E &4 wke-
o] 7] Whe&Ert 7R WEA dofuks i miAE
Q1 Pseudomonas stutzerioll 2]t 2.1x107=2A] pH 5.5
Al S A o3k nAEEE g Rk 7] iREE
1.0x1079} ¢F 20)] Zol7} U= RS RIS o=
green rust} PREZIRE SEA o] FHIMA YRS 3
= A wiAlxde dikde] vIgESH g4 whgo
=34 g4 9k viszakA dold = Q7] wiel,
cHde] 24 wkgo] At oI5S ffeire A=sH
HIAESE &2 dh8-S 3 aEsteof g
Ao AASHA A Fe?'/FePto] 8% tiadl 4
2¥8}3-E-0]th(Saheb et al., 2010). Dhakal et al.(2013)
APEAS o] 83 Ak o opEAde] HIESH 2
Hhgel gk A5 st on, HIAEsH 24 wke-
o] dojd & US AAEAEH, 1 A7 A%E
Table 2} Fig. 3o YeRth @ Ae) oJgt ko]
HIAES & whe-2 ke pHollA wEgo] m=A
ouf= Ao Uehdt) Table 20 AAE 43E el
9] green rust?}e] 7] WESEE Blal A, ¢F 9008 =
d 7] W& EE 7 A= YEith AEAS o]
83 pH 5.50014 24tae) &4 ¥hg-S Fig. 3(aplr] B
= HRe} o] oF 10%°] BE&S Hole o= VEhkt
o). 22fu}, green ruste} AFEAS o]83F Arkedo] &
HES-S AMZ T2 pHollA #2E Z3ZEA, green rusts
ol-g3t Astdol & W& pH 7.3904% FE e
w, AFEAS o83t AiEe] &4 whg-2 pH 5.5 o
AN BASEA] F%7] whitol], 22 pH ZollA] gt

WE AN o

N

(b)

0.7
0.6 4 [

k(M-'h1)

0.4 4
0.3 4
0.2 4 } E

0.1

50 55 60 65 70 75 80 85
pH

Fig. 2. Time series of nitrate and nitrite reactivity with siderite (a). The initial nitrate and nitrite concentrations are 0.9 mM and the siderite
concentration is 10 g/L. The x-axis for nitrate is days and nitrite is hours. Second order rate coefficients as a function of pH derived from
kinetic studies of nitrite with siderite (b) (data from Rakshit et al., 2008; Matocha et al., 2012).
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23rae 371 2 W& EE HlaskA] Zaksdet. okl
o] 2 whgell tigk SE A 22 pH 5590014 =

7] RFSEEE Hlﬂs}tﬂ, oF 1238 =1 Ao® vesitt.
Teu, AEAe AR Wl S5EE E s BEel7)
wfiEol] A AFEAEAA HAESHY g whgel Hrt
Be TS v B0 AAHnh

EZ 27} =oj| 28t & S

A W 8 ot A(Fe)S e Asrolxe
Axklo] Ao ZAsHA] eR=tial B uE =t (Emstsen,
1996; Rivett et al., 2008), o= £ Hol| o3 Zikd
o] @l whgo) Fssithe AL 7HHoR AN A
287 ) v} Be g s 24, 74
A e A BEol Seldel AdE 4 o
(Korom., 1992). o|2J3t 27} Hol| oJ3l Ao Z¢g
& &2 W& Gallionella ferruginea -== Ferrovibrio
denitrificans®} 22 F71 @2 Alito] o7} S AsA
7171 wiioll 312 4 ATH(Ashok and Hait, 2015). 2
7h Aol o5k Arkde] ghele HESH] #ge]| st
dold = glont, olefgh B WS AETH e H]
e oz sl A% vk Qi

TVt S AR ol 85 & w2 4 (6)-(10)
I e Hgom dojd = glo, o3 AL A=
A 9 HESH gl vhgel FUskAl A8E 3
“HBoisson et al., 2013; Ottley et al., 1997; Rivett et
al., 2008; Torrentd et al., 2011).

ol 50
= “11__»1—?—

SFe+ NOs + 12H,0— 5Fe(OH); + % N, + OH'
(6)
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NOs™ + SF& + 6H — % Ny + SFST + 3,0 (7)
10Fe* + 2NOs™ + 14H,0 — FeOOH+ N,+28H"  (8)
15F*" +NO;™ + 13H,0 — 5Fe;04+ No+ 28H' )

SFS+ NOy + THy0 — 5Fe00H+% No+9H" (10)

2} Aol @ A0e) B wg F o) Be
79l B HlARAe] FRjslolselelES A
oml 6), 27} He] 2k} g5y} malA| Jouk=
e NS AT F oA 8, 10). =3
) o] 27k Azt 37} Hol A EAlsFe AAAe)
Felz A" & e, ofe Ao w7
= Z°] obd 27} Hol ¥ FEl] green rustE 413}
| Ok dzle) whg F AEHoz Agse Joz
verset.

01}4 AF3N=o], 271 Hol| o3t Fxkede] ed
J,].X{__i A@Ezﬂ-ﬁ = H) /%]Ezﬂ-;(-] o7

AFEAIN 27} B o) Aaele) B
= Zé%‘f%}ﬂ] &3] slixde AESH, HIYESH
Fgel] gk Q) A7t daskal AFEEAAN o
FeHA Wsh= pH, DO, 27F 49| F= 53 &2 9%
AR w2 Z7] WREEEE AR "avt Qirh

] e
R

i

)
Hs

fo

R

34. =52 S4o| & gt30 O|Xl= dE

e i g2 tL%—E— Ak fraoll dFe vA=
A wjA ] 5420 T Al FRdEREd] ot vk
Azto] Z4= 4= 9tk An et al.(2010)2 FHAEE9)
Halol] w2 Fakde] AESH 2 WS A BEYS
olgste] Hristlon, YT}t HASHH WhgAZE



ultd
o

A58 W Z14 wjA 7} At

2 AR/ Algto] F7st g4 whgo] Srkeke RS &
M=

AESH & wkgollA F83 AR HAE AIS
= F=59 Z7)d HlESt F718H(Tecon and Or,
2017). o]&fst A& wjA] 54 flolx] At vkl 2
o] FEHEET} AEW B wkgo] 37 E 4 Ul
U, 1S AAS AR Qe AESH g vhg kA
£ dodd F Uk e, olggt = F ot A
o] B 9 FA vRIEAel gk I A
2Tt mEgh, AF2E Ul dxkgeda] 2 8 Ak F
T MR AR &kl dEks vE 5 A7) wiEel
FTE7o| A Hikde] g4 whg-S FYsHA| oS
A olelgt XA iAo tkst Ao g

a1

A7)

o

o
N

2 o g

[EAVEN

:

=2 .
AF8A Ul el g wkeg 53] 919 2l
Aol UE, IFE, I SEEE, F%, L9EAY
2

= J+(Noori et al.,
2018). 7|0l 3 B2 AFSlxE vAEe] o
Sk S Ao ofsh & 1k &% Ad5TES o) §
skl ok e, AA A5 U Zilde] & wke-
2 HAES Aoz ot 4= Q)] wiiTol] oA
ARG HABESH TFA] A FARZA 28T
Ue ThFsE wide] oigk A5 Basith ¥Rk oluz),
Az U &4 9hge] A3t 55 ffalxe TR
o= 12k HBESE g ok g whge] PHE
A, W& TR syt d4Folgtal AZET)

A7 U darde] & vkgel sk H2 A=
AESE Ho] nAESE PHT SAEHA dojubr]
ufitol] vlAESH g WS yEeA| ¥ It 5
sJ=joisitt. e, AaE] o] AZsiAHA Hit
Aol gk H A0l BES 24 W 9o XA
A S0l wE HIAESH g whgo] F58] dold
T A2 A AFEI T Jessen et al.(2017) HEX
o oJgt Zikde] Ak A7to] dofd & U A
GO, Summers et al.(2012)2 3o o]t JAaksld
A9] HAIESHY 3 WS B3l dRUYolslrt dof
3 5 AdLS AAEATE B3, Schwientek et al.(2008)
< A B W 27 Holl 93 vIAESH g4 dke-

2 Whgol] miX|= ol tigk 23

o] gt A+ ZAF=S Huskct ¥t oy}, Hansen
et al.(1996) green rustdl] 2]k H|AYEEH &2 HES-0]
AESA & vk3) vlaste] oF 3u)e] xjo|ytel U
Ees dFsIeM, AT Ul v 3 EE A
E(Bond and Fendorf, 2003), $-2}&(0’Loughlin et al.,
2003a), 4&(O’Loughlin et al, 2003b) S0] Zx}aH
2 wkgo] SREE AT 2yt BarE|Qlth Moraghan
and Buresh(1977)2 8F 27} Aol g Aol vA)
E3H4 &2 wkgo] dojts RIS, H2 pH,
Cu™¢} 2 Sm38-5 & 5 Ue oo US i, Hl
AESA Hhgo] OS FH5e S 453t &3
Petersen(1979)y2 &= 27} Aol 2Jdl Ak o] wAES}
2 g4 ¥hgo] pHrt 75t uet g WeEET 5
718he Z& U539 ™, Tai and Dempsey(2009) H]
Aol 7 A @rislEe] 2ol EAE W, 2 wkgo]
71 I3} Dhakal et al.(2013)S A58
APl Ak B opdLd ] & Wk
o7 F e Bt
o]t Aol MAE= HIESE & Hkgo)
dele AiE A8l A3} 7ieEs €85 Ut Xu
et al.(2012) 07} ol <Jgt Axre] viAEsHy &4
370] doju= RS FRIsIo™, A 50 mg/Le]
TERE 299 A8k W 10 g/Le] 07} Ho] EAeS
o], 20%2] ko] AAsE AS AS3IAT). Wyt of
ygt, & oF Hy E AES 7M7) s0mg/l =
oAelds o, AAHY AAEE 97%E SEH= A
selalgdt. T3 Ren et al. 2016y 07} Hol| <)%
2bae] vAESH g A 27 E 9 27} e
Folalgls o, 24 whgo] slEe As I8
o, A 50mgle] FEE 299 A W oF 2
I 8= vl E 2 FEE 0L FE FOENES ),
Aol 99% AAEE AS AS3HATE Wu et al
2015y oo R QHH Aaloll H G rlslES
o]t HIAESE 2d $AS o83t oA A
AtHeH, Lu et al.(2016) o4 50 mg/Le] &
T2 299 w3AY HATE Bt FEl green rusts
o]-83led 97.1%%] o}FAAHAS A AT
olgfgt 3l ATEL FEA, H @)=, 27 E 5
o] I3t ATl = vINESE o o3t &4
Hhgo] Ak ApA Azt 7IRFo A FE8] AL Eofok
Siths AS AR 3EAIRE olet TiE A4t o7t
A wig- R Aok webr] Aikde] niAlEsk =}
A Azl tigk AR BrEE S =8 Ee] aqE Tk
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